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to Races and Some Formae Speciales of

Erysiphe graminis DC.

Takashi Oxuv*, Shuichi YamasuiTa*, Yoji Dor* and Unji Hrura**

Abstract

Genes for powdery mildew resistance in wheat cultivars were characterized by their re-
sponses to Erysiphe graminis {. sp. tritici culture t4 and some synthetic hybrid cultures de-
rived from crossing between E. graminis f. sp. tritici culture t2 and f. sp. agropyri culture
A1, and between culture t2 and f. sp. secalis culture S1. Hybrid cultures were less virulent
to wheat cultivars of different genetic backgrounds comparing with the parent culture t2,
and several wheat cultivars which were inherently susceptible to t2 and t4 were found to
be resistant to hybrid cultures. Inoculation tests with F, progenies indicated that cultivars
exhibited resistance to hybrid cultures, such as Little Club, Mayo 64, Sinvalucho and Hard
Federation, had one recessive or one dominant gene for resistance different from Pml,
Pm2, Pm3a and Pmda. However, one near-isogenic line of Chancellor origin, Axminster X
Cc®, which is known to possess one dominant gene for resistance (Pml), was resistant to
t4 as well as to one of the hybrid cultures. The facts that hybrid cultures between formae
speciales caused intermediate reactions of parent cultures in wheat cultivars and that wheat
genes for resistance to hybrid cultures could not be essentially distinguished from genes
for races of E. graminis {. sp. tritici, indicated that difference of pathogenicity in f. sp. iri-
tici, f. sp. agropyri and f. sp. secalis of E. graminis to wheat cultivars is due to the degree
of accumulation of virulent genes to wheat.
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Introduction

Seven formae speciales (f. sp.) are known in Erysiphe graminis DC., the causal fungus
of cereal powdery mildews ; namely f. sp. agropyri, avenae, bromi, hordei, poae, secalis and
tritici. In Japan, f.sp.avenae has not found, but the existance of f. sp. dactylidis was
reported recently’®. In spite of these clear specialization, very little is known about
the genetic and physiological basis of formae speciales. Since ascospores are, like co-
nidia, pathogenic only to the host genus from which they had been isolated!®:17,19,20,22)
it has been thought that the hybridizations in E. graminis occur within the same formae
speciales. However, heterothallism was demonstrated in some combinations of formae
speciales by artificial cross® and subsequent confirmation of the survival of hybrid pro-
genies”. Genetics of specific pathogenicity in these formae speciales were studied by
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using such progenies® #1319,
In this paper, we report the results of experiment aimed at clarifying the difference
of resistant genes in wheat cultivars on the basis of responses to f. sp. tritici and to

some synthetic hybrids between formae speciales of E. graminis.
Materials and Methods

Powdery mildew fungi. Cultures of Erysiphe graminis used in this study were
monoconidial ones ; t4 and t2 of f. sp. tritici from wheat (Triticum aestivum (1.) Thell.)
Al of f. sp. agropyri from wheatgrass (Agropyron tsukushiense var. transiens Ohwi), S1 of
f. sp. secalis from rye (Secale cereale L.), hybrids AT-N23 and AT-C8 from the cross
between t2 and Al, and hybrid ST-N14 from the cross between t2 and S1. The hybrid-
ization procedure between formae speciales was described previously®”. AT-N23 and
ST-N14 were isolated on wheat cv. Norin 4. AT-C8 was isolated on wheat cv. Chancel-
lor. Cultures t4, t2, AT-N23, AT-C8 and ST-N14 were maintained on leaves of wheat
cv. Norin 4, Al on wheatgrass strain Mishima and S1 on rye cv. Petkus, respectively.
The host plants were grown on clay in cotton-plugged test tubes of 30X 300 mm under
the constant illumination of 3,000 lux fluorescent lamp at 20 C. FEach culture was inoc-
ulated to each host plants at 1-2 leaf stage with soft hair pencil. Three days after
inoculation, plants in test tubes were stocked at 5 C under constant illumination of
2,000 lux until use.

Wheat cultivars. Wheat cultivars used were obtained from the Second Division
of Plant Pathology, Institute for Agricultural and Biological Science, Okayama Univer-
sity. Each of (X Cc®) was near-isogenic lines of wheat cv. Chancellor possessing one
gene for resistance to E. graminis f. sp. tritici®>'®.

Inoculation and reaction evaluation. Inocula were obtained from leaves of 1-2
leaf stage seedlings of appropriate cultivars which had been inoculated and incubated
for about 1 week in a greenhouse at 20 C. To prevent contamination, cultures were
separated from each other.

Test plants were inoculated at 1-2 leaf stage with conidia of each culture in the
inoculation room. By shaking the colonized plants above the test plants, conidia were
sprinkled over the plants. After 3-day incubation in the room, the inoculated plants
were transferred into greenhouse. FEach leaf was cut off, and put into 20X 300 mm test
tube containing 3 ml water. They were kept in greenhouse for another 4-6 days, and
their reactions were examined classifying them into five (0-4) infection types®.

Genetic analysis. Highly resistant wheat cultivars with infection type 0 or 0-1
were used as a resistant gene source. These resistant cultivars were crossed with sus-
ceptible cultivars or other resistant cultivars, and F, progenies were subjected to inoc-
ulation test with each culture of E. graminis. Genetic analysis was made on the basis
of segregation ratio of resistant and susceptible F, progenies. The resistance or sus-
ceptibility of F, progenies was determined by comparing the observed infection types
with that of each parent wheat cultivar which had been inoculated simultaneously. The
segregation ratio was subjected to Chi-spuare test. '
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Results

Reaction of wheat cultivars to each forma specialis and their hybrids

Results of inoculation experiments with culture t4 and parent cultures t2, Al and
S1 used for hybridization on wheat cultivars, wheatgrass and rye were summarized in
Table 1. Cultures t2 and t4 isolated from wheat were mainly pathogenic to wheat cul-

Table 1. Infection type on wheat cultivars, wheatgrass and rye by parent culture of
Erysiphe graminis

Cultivar Culture of E. graminis
t2% t 4% Al® S1¢
Norin 4 49 4 0 0
Sinvalucho 4 4 0 0
Little Club 4 4 0 0
Hard Federation 4 4 0 0
Ramona 50 4 0—1 0 0
Chancellor 4 4 0 0
Axminster X Cc®*(Pm1) 4 0 0 0
Ulka X Cc®®(Pm2) 0 0 0 0
Asosan X Cc® > (Pm3a) 1-2 0 0 0
Khapli X Cc® © (Pmda) 0 0 0 0
Agt. strain Mishima” 0 0 4 0
Petkus—rye ® 0 0 0 3—4

a) Isolate from wheat (Triticum aestivum (L.) Thell.).

b) Isolate from wheatgrass (Agropyron tsukushiense var. transiens Ohwi).

c) Isolate from rye (Secale cereale L.).

d) 4 :Highly susceptible, 0 : highly resistant (after Finkner et al. ¥ ).

€) Near-isogenic line of Chancellor wheat possessing one gene for resistance to E. gr-
aminis f. sp. tritict.

f) Wheatgrass.

£) Rye.

tivars, and cultures Al and S1 were pathogenic to respective host plant, wheatgrass and
rye. Therefore, isolates t2 and t4 fell into the category of f. sp. tritici, Al into f. sp. ag-
ropyri and S1 into f. sp. secalis.

Table 2 shows the reaction of various wheat cultivars to hybrid cultures obtained
from crossing between f. sp. tritici and f. sp. agropyri or f. sp. secalis. All the hybrid
cultures, AT-N23, AT-C8 and ST-N14, were less pathogenic to wheat cultivars than
their parent t2. It should be mentioned here that wheat cultivars in which no resistant
gene to powdery mildew had been identified, were resistant to hybrid cultures.

Gene for resistance to culture t4

Segregation of resistant and susceptible progenies in F, generation from crosses of
wheat cultivars against culture t4 is shown in Table 3.

Segregation ratios in crosses, susceptible X resistant and resistant x resistant, indi-
cated that each of Axminster X Cc8 Ulka X Cc8 Asosan X Cc® and Khapli X Cc® had one
dominant gene for resistance, and Ramona 50 had one recessive resistant gene.
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Table 2. Infection type on wheat cultivars of synthetic hybrids between formae speciales
of Erysiphe graminis

) Culture of E. graminis
Cultivar
AT—N23" AT-C8" ST—N14»
Norin 4 3 34 3
Sinvalucho 3 0-1 3
Little Club 0-1 0-1 0
Hard Federation 0-1 34 1-2
Ramona 50 0 3-4 1
Mayo 64 3 0-1 0-1
Axminster X Cc® < (Pml) 2 0-1 1-2
Ulka X Cc*® ©(Pm2) 0 0-1 0
Asosan X Cc® > (Pm3a) 0 2 1-2
Khapli X Cc® ® (Pmda) 0 0 0

a) Hybrid culture from the cross of culture t2 of E. graminis f.sp. tritici and culture
Al of E. graminis {. sp. agropyrt.

b) Hybrid culture from the cross of culture t2 and culture S1 of E. graminis f. sp. se-
calis.

¢) See footnote of Table 1.

Table 3. Segregation of resistant and susceptible progenies at F. generation from crosses
of wheat cultivars assessed by inoculating with a culture t4 of Erysiphe graminis
f. sp. tritici

No. of F; plants .
Cross Resistant Susceptible P for (ratio)

S X R

Norin 4 X (Axminster X Cc®) 172 44 0.1—0.2 3: 1)
Norin 4 X (Ulka X Cc*) 243 75 0.5—0.7 (3: 1)
Norin 4 X (Asosan X Cc*) 251 90 0.5—0.7 (3:1)
Norin 4 X (Khapli X Cc*) 245 102 0.05—0.1 (3: 1)
Sinvalucho X Ramona 50 36 90 0.5—0.7 (1:3)
R X R

Ramona 50 X (Ulka X Cc®) 292 37 small (13:3)
Ramona 50 X (Asosan X Cc®) 271 12 small (13:3)
Ramona 50 X (Khapli X Cc*) 236 46 0.2—0.3 (13:3)

Data obtained from the cross between resistant cv. Ramona 50 X (Khapli x Cc®) fit
to the segregation ratio 13 :3. In the cross Ramona 50 X (Ulka X Cc?®), (Asosan X Cc?),
segregation ratio did not fit to 13 :3 for R : S, but susceptible progenies were segregat-
ed. Thus the locus of resistant gene of Ramona 50 seemed to be different from those
of Ulka X Cc8, Asosan X Cc® and Khapli X Cc® Cross Ramona 50 X (Axminster X Cc?)
was not tested. '

Gene for resistance to culture AT-N23

Segregation of resistant and susceptible progenies against AT-N23 in F, generation
from crosses of wheat cultivars is shown in Table 4. The number of progenies which
fit to the ratio 3:1 for R:S, as obserbed in Hard Federation, Ramona 50, (Ulka X
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Table 4. Segregation of resistant and susceptible progenies at F: generation from crosses
of wheat cultivars as evaluated by the responses to a hybrid culture AT —N23 of
Erysiphe graminis

No. of F: plants .

Cross Resistant Susceptible P for (ratio)
S X R
Norin 4 X Hard Federation 195 82 0.05—0.1 (3: 1)
Norin 4 X Ramona 50 210 76 0.5—0.7 (3: 1)
Norin 4 X Little Club 72 216 >0.95 (1:3)
Norin 4 X (Ulka X Cc®) 183 70 0.7—-0.8 3: 1)
Norin 4 X (Asosan X Cc®) 251 90 0.5—0.7 (3:1)
Norin 4 X (Khapli X Cc®) 206 68 >0.95 (3:1)
R X R
Ramona 50 X Little Club 391 0
Ramona 50 X Hard Federation 206
Ramona 50 X (Ulka X Cc®) 230 19 0.3—0.5 (15: 1)
Ramona 50 X (Asosan X Cc*) 261 22 0.2—0.3 (15: 1)
Ramona 50 X (Khapli X Cc*) 225 20 0.2—0.3 (15: 1)
Hard Federation X (Ulka X Cc*) 144 11 0.2—0.3 (15: 1)
Little Club X (Ulka X Cc®) 213 24 small (13 :3)
Little Club X (Khapli X Cc*) 214 17 small (13 :3)

Cc®), (Asosan X Cc®) and (Khapli X Cc®) % Norin 4, indicated that each resistant culti-
var involves one dominant gene for resistance. Segregation ratio in Norin 4 x Little
Club fit to the ratio of 1 : 3, indicated that cv. Little Club involves one recessive gene
for resistance against AT-N23. Data derived from crosses between resistant cultivars
indicated that resistant genes in Little Club, Hard Federation and Ramona 50 are link-
ed, but different from genes known as Pm2, Pm3a and Pmda.

Gene for resistance to culture AT-C8

To analyze the resistant genes of Little Club, Mayo 64, Sinvalucho, Axminster X Cc®
and Ulka X Cc® against hybrid culture AT-C8, these cultivars were crossed with a sus-
ceptible cultivar, Norin 4, and the segregation ratio for R : S in F, progenies against
AT-C8 was examined (Table 5). The segregation ratio for R : S fit to 3:1 in crosses
between Norin 4 and Mayo 64, Sinvalucho, (Axminster X Cc®) and (Ulka x Cc®). These
results show that each of these resistant cultivars have one dominant gene for resist-
ance. In Norin 4 X Little Club, the segregation ratio for R :S was 1:3, hence Little
Club may have one recessive gene for resistance. Further segregation ratio of F, prog-
enies of Mayo 64 X (Axminster X Cc®), (Ulka x Cc®), Little Club and Sinvalucho was ex-
amined to compare the locus of resistant genes. In Mayo 64 X (Axminster x Cc®), (Ulka
x Cc®), the segregation ratio for R : S fit to 15 : 1 indicating that the resistant genes
in these cultivars are inherited independently. However, segregation of susceptible prog-
enies was extremely low in crosses, Mayo 64 X Little Club and Mayo 64 x Sinvalucho,
suggesting that the resistant genes to AT-C8 may probably be linked closely.

Gene for resistance to culture ST-NI14

Segregation of resistant and susceptible progenies in F, generation of several crosses
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Table 5. Segregation of resistant and susceptible progenies at F: generation from crosses
of wheat cultivars as evaluated by the responses to a hybrid culture AT—C8 of
Erysiphe graminis

No. of F: plants .

Cross Resistant Susceptible P for (ratio)
S X R
Norin 4 X Little Club 38 150 0.1—0.2 (1:3)
Norin 4 X Mayo 64 136 56 0.3—0.5 (3: 1)
Norin 4 X Sinvalucho 114 51 0.05—0.1 (3: 1)
Norin 4 X (Axminster X Cc®) 48 20 0.3—0.5 (3:1)
Norin 4 X (Ulka X Cc®) 85 28 >0.95 (3:1)
R X R
Mayo 64 X Little Club 251
Mayo 64 X Sinvalucho 101 2
Mayo 64 X  (Axminster X Cc®) 173 11 0.9—0.95 (15: 1)
Mayo 64 X  (Ulka X Cc*) 160 7 0.2—0.3 (15: 1)

Table 6. Segregation of resistant and susceptible progenies at F. generation from crosses
of wheat cultivars as evaluated by the responses to a hybrid culture ST—N14 of
Erysiphe graminis

No. of F. plants .
Cross Resistant Susceptible P for (ratio)

S X R

Norin 4 X Little Club 62 198 0.5—0.7 (1:3)
Sinvalucho X Mayo 64 68 254 0.1-0.2 (1:3)
Norin 4 X (Ulka X Cc*) 181 72 0.2-03 (3: 1D
Norin 4 X (Khapli X Cc¢®) 206 68 >0.95 (3:1)
R X R

Little Club X Mayo 64 440 0

Little Club X (Ulka X Cc*®) 196 41 0.5—0.7 (13:3)
Little Club X (Khapli X Cc?®) 201 31 0.02—0.05 (13 :3)
Mayo 64 X (Ulka X Ce*) 197 33 0.05—0.1 (13 : 3)
Mayo 64 X (Khapli X Cc®) 181 60 0.01-0.02 (13:3)

against hybrid culture ST-N14 is shown in Table 6.

Cultivars Little Club and Mayo 64 are susceptible to t2, a parent culture of ST-N14,
and no resistant gene has so far been reported in these cultivars. Norin 4 and Sinvalu-
cho were susceptible to ST-N14. F, progenies from the crosses Little Club X Norin 4
and Sinvalucho X Mayo 64 segregated into 1:3 for R:S. These data indicated that
both Little Club and Mayo 64 have one recessive gene for resistance against ST-N14.
The other two F, progenies from Norin 4 X (Ulka X Cc®) and Norin 4 X (Khapli X Cc?)
segregated into 3:1 for R :S, indicating that Ulka X Cc® and Khapli x Cc® have one
dominant gene for resistance.

To compare the loci of these recessive and dominant genes, F, progenies from Little
Club x (Ulka x Cc®), Little Club x (Khapli X Cc®), Mayo 64 X (Ulka x Cc® and Mayo
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64 X (Khapli X Cc®) were subjected to inoculation with ST-N14 (Table 6). The segre-
gation ratio for R :S was 13 : 3 in progenies of Little Club X (Ulka X Cc®) and Mayo
64 X (Ulka x Cc®) indicating that these resistant genes are inherited independently.
From the crosses Little Club x (Khapli X Cc?®) and Mayo 64 x (Khapli x Cc?), segrega-
tion ratio for R :S did not fit to 13 : 3, but susceptible progenies were segregated.
This fact suggests that the locus of resistant gene in Little Club and Khapli X Cc8, in
Mayo 64 and Khapli X Cc® may be different. The data of F, analysis from the cross the
cross Mayo 64 X Little Club against ST-N14 suggests that the resistant gene in both
cultivars is on the same locus or tightly linked. Namely, in this cross, no susceptible
F, was segregated.

Discussion

Erysiphe graminis 1. sp. tritici cultures t2 and t4, f. sp. agropyri culture Al and f. sp.
secalis culture S1 are pathogenic strictly on wheat, wheatgrass and rye, respectively, and
do not invade plants other than their own host. A wheat fungus, t2 could be hybridized
with Al and S1 freely on wheatgrass or rye, in spite of its inability to infect the both
plant species. Both hybrid cultures AT-N23 and AT-C8 derived from Al X t2, and ST-
N1i4 from S1 X t2 could invade wheat cv. Norin 4, but showed different infectivity from
the parent culture t2, on several wheat cultivars. The reduction of pathogenicity in hy-
brid cultures to wheat cultivars as compared with the parent culture t2 could be ex-
plained as follows : The wheat fungus accumulated many genes for virulence to wheat,
and some of which were substituted by avirulent genes of Al or S1 by hybridization.
On the contrary, the other parent culture Al or S1 might have accumulated many viru-
lent genes to respective host plant and corresponding avirulent genes against wheat, as
Johnson pointed out'®. Therefore, these fungal cultures most likely belong to the same
species, and probably have same genetic loci for pathogenicity.

Recent works on the pathogenicity of hybrids between formae speciales of Puccinia
graminis®>?® indicated that susceptible plants to their own forma specialis were having
genes for resistance to other formae speciales, and some known resistant genes did not
function to hybrid cultures.

Hiura et ol.*® elucidated by using 4 hybrid cultures between f. sp. iritici and agropyri
that several new resistant genes to E. graminis existed in wheat cultivars. These genes
might not be identified without using hybrid cultures, probably because these genes had
no function to E.graminis as in the case of P. graminis. In the past, these resistant
genes probably had function to E. graminis {. sp. tritici, but derivation of races might
have made them ineffective.

Tosa and Shishiyama?® concluded from the examination of the cellular defence reac-
tion in barley cultivars that major genes for resistance to E. graminis f. sp. hordei are
not involved in the resistance of barley cultivars to E. graminis f. sp. tritici. In the
present paper, we found several new resistant genes different from some known genes
to f. sp. tritici of E. graminis and they were summarized in Table 7. Powers and Sando??
pointed out that the gene-for-gene hypothesis could be appreciable to host-parasite re-
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Table 7. Gene symbols or resistant genes in wheat to culture t4 and to synthetic hybrids
between formae speciales of Erysiphe graminis

Cultivar Culture of E. graminis
t4 AT—N23 AT—-C38 ST—N14

Little Club — pm—Al pm—A4 pm—_S1
Hard Federation — Pm—A2 - -
Ramona 50 - Pm—A3 - -
Mayo 64 - - Pm—Ab pm—S2
Sinvalucho — — Pm— A6 -
Axminster X Cc® Pml - Pml -
Ulka X Cc® Pm2 Pm?2 Pm2 Pm2
Asosan X Cc? Pm3a Pm3a Pm3a Pm3a
Khapli X Cc? Pmda Pm4a Pmda Pmda

lationship of wheat-E. graminis system. The hybrid culture AT-C8 between f. sp. agro-
pyri Al and tritici t2 was not pathogenic to Axminster X Cc® possessing Pml gene, which
was resistant to t4 and susceptible to t2. This fact suggests that the resistant gene
Pml is also functioning to avirulent gene originated from Al of E. graminis f. sp. agro-
pyri. Thus the race specific gene (or genes) for resistance could not be distinguished
from specific genes against formae speciales from the genetical view point.

Thus, the number of genes for virulence accumulated in E. graminis to infect wheat
may be reduced in the following order : E. graminis f{. sp. tritici, hybrids, E. graminis f.
sp. agropyrt or f. sp. secalis. The difference between races of E. graminis f. sp. tritici and
. sp. agropyri or secalis seems to be indistinct, hence these three formae speciales are
thought to be in the same categoly in a broad sence of race.

The authors are grateful to Professor Dr. Seiji Ouchi, Kinki University, for critical reading of
the manuscript.
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B LT E— - RS - RS © 3 A REO A AFHEY S & A 8 (Brysiphe graminis DC.)
DAMENCHT B b O &Y MR

aAAERFEOA XFHEY S EA KR (Erysiphe graminis DC.) ®43{rZ (formae speciales) iZxdd 2 #%
POk A, f.osp. tritici (2 4 FB) BZR t2 X £ sp. agropyri (HEI I VE) B% Al t2 x {. sp.
secalis (54 L 5HE) B% Sl MOKMEREA L LT . sp. tritici B%R t4 ZFWVTHEL, f. sp. tritic,
f. sp. agropyri BXC f. sp. secalis D 3 2 ¥ FERICKT BELEMDEFRICONTEE L 1o, HHEERO 3 A
FEMICHd 2KEMZ, BO t2 KHARETETL, Bic 2 820 t4 it 2 Hard Federation,
Little Club, Mayo 64, Sinvalucho 73 &t U CIRIRIEEZDER S Nfce TN O FFEDHFERSRICK S
ALk, Fe BBic kb, WENBETF Pml, Pm2, Pm3a XU Pmda & (3R ABILFIETH - 70
MREER AN S C LT & - TOBMM I NP BETI, L sp. agropyri B Al £7:13 1. sp. seca-
lis % S1 MEOIBFEMBLEFICHET 5260 T, Al F/203 S1 I, 12 03 A RIS 2 5F kS
fEF-BRITARY 4 B FRICIERIRVE B F AR D E & 2 Shic, Axminster X Cc® (3 t2 IR TH - 7243, t4
BXUMRER AT-C8 ICikfit: <, MEREHOTHMEET Pml Bl dhic, £-T, Pml oy
% AT-C8 @ f. sp. agropyri B Al BSROIHEEYLELTI { sp. tritict B8R t4 DENER—THO,
f. sp. tritici OV — 2T BIWBLHEBIRTD3, DS {LBUTE ™ BIRBUIEIC S BIE3 5 & LI L 720 LU
EomRicky, a3 2a¥RIRcET 2 8FEROBRMEBETFHRBZEE SO 5 12, t4, M, Al £/
S1 DIF&HE &, E. graminis DC. OO 2 £ £ R[FEICH 9 2 FAMOERIT, K203 LFRHEIC
X AR BLTFOEREOEIC LS D EHETES NI,
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